An insertion sequence was found in a Mu homologue in the genome of Arabidopsis thaliana. The insertion sequence had poly(A) at the 3' end, and promoter motifs (A-and B-boxes) recognized by RNA polymerase III. The sequence was flanked by direct repeats of a 15-bp sequence of the Mu homologue, which appears to be a target-site sequence duplicated upon insertion. These findings indicate that the insertion sequence is a retroposon SINE, and it was therefore named AtSN (A. thaliana SINE). Many members of the AtSN family were identified through a computer-aided homology search of databases and classified into two subfamilies, AtSN1 and AtSN2, having consensus sequences 159 and 149 bp in length, respectively. These had no homology to SINEs in other organisms. About half of AtSN members were truncated through loss of a region at either end of the element. Most of them were truncated at the 5' end, and had a duplication of the target-site sequence. This suggests that the ones with 5' truncation retroposed by the same mechanism as those without truncation. Members of the AtSN1 or AtSN2 subfamilies had many base substitutions when compared with the consensus sequence. All of the members examined were present in three different ecotypes of A. thaliana (Columbia, Landsberg erecta, and Wassilewskija). These findings suggest that AtSN members had proliferated before the A. thaliana ecotype strains diverged.
INTRODUCTION
Among the various interspersed repeat sequences in eukaryotes are retroelements, whose copy numbers increase through reverse transcription and subsequent insertion of the resulting cDNA at different loci (Boeke and Stoye, 1997; Gabriel and Boeke, 1993) . SINE (Short INterspersed Element) is a small retroelement, less than 500 bp in size, transcribed by RNA polymerase III (Deininger, 1989; Kunze et al., 1997) . A short sequence at the target site is duplicated upon insertion of SINE. SINEs have an internal promoter with motifs (A-box and B-box) recognized by RNA polymerase III (Galli et al., 1981) . The promoter motif sequences of some SINE family members resemble those of 7SL RNA genes, whereas those of other members resemble those of tRNA genes (Rogers, 1985; Weiner et al., 1986; Okada, 1991a; 1991b) . The primate Alu and rodent B1 family elements have promoter sequences that resemble those of 7SL RNA genes (Ullu and Tschudi, 1984) . Many SINE elements with a promoter sequence resembling those of tRNA genes have been isolated from animals, including mammals, reptiles, amphibians, fish, insects, mollusks, and echinoderms (Lawrence et al., 1985; Daniels and Deininger, 1985; Sakamoto and Okada, 1985; Shedlock and Okada 2000) , and from plants, including monocots and dicots (Umeda et al., 1991; Yoshioka et al., 1993; Deragon et al., 1994; Surzycki and Belknap, 1999) .
Arabidopsis thaliana is a model plant for genetic studies, and it is thought to have the smallest genome size among higher plants. More than 90% of the genome of A. thaliana, ecotype Columbia, has been sequenced. In this paper, we report that an insertion sequence found in a homologue of a maize transposable element, Mu, is a SINE (named AtSN) with promoter motifs resembling those of tRNA genes in the A. thaliana genome. A large number of AtSN family members were identified through a computer-aided homology search and divided into two subfamilies, named AtSN1 and AtSN2. These members included some with truncation of the 5' terminal region, indicating that retrotransposition of AtSN into the target sequence occurs from the 3' end of the AtSN RNA. AtSN family members have many base substitutions, and all of them examined were present in three ecotype strains of A. thaliana. These findings suggest that the AtSN family members have proliferated long ago.
MATERIALS AND METHODS
Computer analyses. A homology search of nucleotide sequences was performed by using the program FASTA to examine the sequences in the DDBJ/GenBank/EMBL DNA databases (Lipman and Pearson, 1985; Pearson and Lipman, 1988) . Multiple sequences were aligned using the program CLUSTAL W version 1.7 (Thompson et al., 1994) . Primary nucleotide sequences were analyzed by means of the program HarrPlot 2.0 and the GENETYXMac 10.1 system (Software Development) to identify and characterize the sequences as AtSN homologues.
Polymerase chain reaction (PCR).
Total DNA of each of the A. thaliana ecotypes [Columbia (Col-0), Landsberg erecta (La er), Wassilewskija (Ws-0), and others (Aa-0, Ag-0, Ba-1, Can-0, Co-1, Cvi-0, Es-0, Fi-0, Ge-0, Ita-0, Kas-1, Ll-0, Mh-0, Ms-0, Mv-0, No-0, Sei-0, Tsu-0, and Wil-1)] was prepared as described previously (Noma et al. 2000a) . PCR was performed using 50 µl reaction mixtures containing 100 to 200 ng of plant DNA, 10 nmol of each dNTP, 25 pmol of each primer, and 1.25 units of Taq DNA polymerase (Takara) in the buffer provided by the supplier of the enzyme. Thirty cycles of amplification were performed under the following conditions: denaturation for 30 sec at 94°C, annealing for 30 sec at 55°C, and DNA synthesis for 1 min at 72°C. PCR products were separated by electrophoresis using a 2.0% agarose gel.
RESULTS
Identification of a SINE, AtSN, in A. thaliana. Using the middle portion of the mudrA gene sequence of the maize transposable element Mu as the query sequence, 142 Mu homologues were identified in the A. thaliana genome through a computer-aided homology search of the databases (our unpublished results). An insertion sequence 168 bp in length was found in one of the homologues. The insertion sequence had a poly(A) sequence at the 3' end, and internal promoter motifs (A-box and B-box) recognized by RNA polymerase III (see AtSN1-1 in Fig.  1A ). The insertion sequence was flanked by direct repeats of a 15-bp sequence of the Mu homologue ( Fig.  2A) . These findings indicate that the insertion is a SINE, and it was therefore named AtSN (A. thaliana SINE).
Through a computer-aided homology search with the AtSN sequence as the query sequence, 77 homologues in the A. thaliana genome were identified, of which six showed poor homology (less than 60%) to the query sequence, but high homology to one another. A further homology search with the six homologue sequences as query sequences resulted in the identification of a large number of sequences homologous to them, indicating the existence of two AtSN subfamilies, named AtSN1 and AtSN2. In total, 71 members of AtSN1 and 128 members of AtSN2 were found in the A. thaliana genome ( Table 1) . The AtSN2 subfamily includes three members of RAthE1, repetitive DNA sequences recently found in the A. thaliana genome (Surzycki and Belknap, 1999) . The AtSN family members, however, were not homologous to any other SINEs identified in plants or animals. In an analysis of A. thaliana BAC clones, a total of 179 clones were found to contain one AtSN member, and only 10 clones contained two AtSN members. This suggests that members of the AtSN family are randomly distributed in the A. thaliana genome.
The consensus sequences of the AtSN1 and AtSN2 subfamily members are 159 and 149 bp in length, respectively (Fig. 1 ). Each subfamily includes members which are truncated at one end. Of the 199 AtSN members identified, 71 were truncated in the 5' region, and 22 were truncated in the 3' region. Target-site duplication was found in the members with a 5' truncation as well as in those without truncation (see Fig. 1 for representative AtSN members), but was not found in the members with 3' truncation. The average lengths of the AtSN1 and AtSN2 members were found to be 139 and 145 bp, respectively. Most of the AtSN members other than those with 3' truncation had a poly(A) sequence at the 3' end (see Fig.  1 for representative AtSN members). The average length of the poly(A) sequence was 14 bp.
AtSN target site sequences. About 65% of AtSN family members were flanked by direct repeats of a sequence ranging from 7 to 24 bp in length (14 bp on average) (see Fig. 1 for representative AtSN members), which is thought to be the AtSN target sequence. As mentioned earlier, AtSN1-1, the first member of the AtSN family found in a Mu homologue, is flanked by direct repeats of a 15-bp sequence of the Mu homologue, showing that the 15-bp sequence is the AtSN target site sequence. A homology search with the sequences flanking each of the other members as the query sequences revealed that a member of AtSN2 (AtSN2-1) was present in an interspersed repeat sequence of about 12 kb with no terminal inverted repeat sequences characteristic of a transposon. Analysis of the repeat sequence without AtSN2-1 enabled us to determine that the direct repeats flanking AtSN2-1 represent the target sequence of AtSN2-1 (Fig. 2B) .
PCR was then performed using primers that hybridize with the flanking regions of three members (AtSN1-2, AtSN1-3 and AtSN2-2), and using total DNA from each of three different ecotypes of A. thaliana (Columbia, Landsberg erecta, and Wassilewskija) as templates. The PCRamplified fragments were the same size as that of the DNA containing each AtSN member, suggesting the presence of each of these members of the AtSN family in all three A. thaliana ecotypes examined (Fig. 3) . This suggestion was supported by sequencing the fragments amplified by PCR using primers that flank AtSN1-2 (data not shown). The fragments amplified by PCR using total DNA from each of 19 other ecotypes of A. thaliana (see Materials and Methods) as the template were the same in size as those amplified from DNA containing AtSN1-2, AtSN1-3, or AtSN2-2 inserts (data not shown). Further examination by PCR targeting the sequences of five other members (AtSN1-4, AtSN1-16; AtSN2-3 -AtSN2-5) indicated that all three strains examined contained each AtSN member (data not shown). These findings suggest that all AtSN members examined were present in A. thaliana before the divergence of ecotypes.
The putative target sequences that appeared as direct repeats were AT-rich (77% on average), similar to those of other plant and animal SINEs. It seems likely that the target sequence is stagger-cut and duplicated by a process involving repair of the stagger-cut. Alu and ID of mammals have the sequence motif 5'-TT/AAAA-3' at the 5'-nicking site and the motif 5'-TYTN-3' at the 3'-nicking site (Jurka, 1997) . The rape SINE S1Bn has the motif 5'-Y/ AAANNNG-3' at the 5'-nicking site, but no identifiable motif at the 3'-nicking site (Tatout et al., 1998) . AtSN1 has the motif 5'-T/AAA -3' at the 5'-nicking site (Table 2) , which resembles the motifs in the SINEs mentioned above, and a significant preference for a T residue at the 3' end of the target sequence. AtSN2 has the same motif at the 5'-nicking site as AtSN1, but no significant sequence Table 2 . Base occurrences at different positions in the 5' and 3' regions flanking the two AtSN nicking sites a (A) AtSN1 5' nicking site 3' nicking site a Only insertion sites with target site duplications were analyzed. For the 5' nicking site, position 1 correspond to the first base of the target site duplication, while for the 3' nicking site position -1 corresponds to the last base of the target site duplication. The presumed positions of the two nicking sites are given by a line between position 1 and position -1. N, nucleotide positions; P, predominant nucleotide; total, number of bases analyzed at each position; T, C, A, and G, frequency of each nucleotide for a given position; COMP, percentage for each nucleotide for the region analyzed. χ indicates the result of χ 2 analysis, in which we used a significance level of P < 0.01 for 3 df. Significant nucleotides are indicated in boldface letters.
preference at the 3'-nicking site.
Characteristic structural features of AtSN. Generally the SINE sequence can be divided into three regions, the 5' region including promoter motifs (A-box and B-box) recognized by RNA polymerase III, the A-rich region at the 3' end, and the internal region between them. The AT content of the internal region varies: 70% in rice SINE p-SINE1, 43% in tobacco SINE TS, and 33% in rape SINE S1Bn. The AtSN1 and AtSN2 subfamilies, respectively, contain 28 and 61 members without truncation or internal deletion. Among these members, the AT content of the internal region in AtSN1 and AtSN2 (see Fig. 1 for representative AtSN members) is 54 and 47%, respectively, which is lower than that in the case of p-SINE1, but higher than that in the case of other SINEs. The members of the AtSN1 and AtSN2 subfamilies have many substitution mutations compared with the consensus sequence (20.9 and 15.3%, respectively), besides insertions and internal deletions of a few bp. These values are higher than those observed in the case of other plant SINEs, such as rice p-SINE1 (11%), tobacco TSa and TSb (4.8 and 14.1%, respectively), and rape S1Bn (7.5%) (Motohashi et al., 1997; Yoshioka et al., 1993; Deragon et al., 1994) . Most of the substitution mutations in the AtSN subfamily members were transitions from C/G to T/ A (Table 3 ). The AtSN1 consensus sequence has 4 CpG dinucleotides and 6 CpNpG trinucleotides, which are pref-erential target sites of plant C5-methyltransferases (Finnegan et al., 1998) , whereas the AtSN2 consensus sequence has 10 CpG dinucleotides and 8 CpNpG trinucleotides. The frequency of base substitutions from C to T or G to A was found to be 21.2 or 31.8% in the preferential target sites of C5-methyltransferase, respectively. This frequency is lower than that in the non-preferential sites, which was found to be 26.8 or 33.2%. The promoter regions with motifs recognized by RNA polymerase III in the consensus sequences of the two AtSN subfamilies have significant homology with those in A. thaliana tRNA genes and in plant SINEs, p-SINE1, TS, and S1Bn (Fig. 4) .
DISCUSSION
In this study, we showed that the A. thaliana genome contains repeated sequences which we classified as two SINE subfamilies, AtSN1 and AtSN2, each with a putative internal RNA polymerase III promoter and a poly(A) sequence at the 3' end. We found 71 members of AtSN1 (159 bp), and 128 members of AtSN2 (149 bp) in the A. thaliana genome. As about 90% of the entire A. thaliana genome had been sequenced at the time of our homology search, we can roughly estimate the copy numbers of the AtSN1 and AtSN2 members in the A. thaliana genome as being 79 and 142, respectively. From the estimated total number of AtSN family members (221 elements) and their average length (143 bp), these family members are thought to occupy about 0.02% of the A. thaliana haploid genome (145 Mb). Estimation of the copy numbers of plant SINEs per haploid genome by dot-blot hybridization have shown that rice (434 Mb) has about 6500 copies of p-SINE1 (122 bp), tobacco (1600 Mb) has about 50,000 copies of TS (216 bp), and rape (480 Mb) has about 500 copies of S1Bn (170 bp) (Motohashi et al., 1997; Yoshioka et al., 1993; Deragon et al., 1994) . p-SINE1, TS, and S1Bn are therefore thought to occupy 0.18, 0.68, and 0.02% of each genome, respectively. It is noted that SINE occupies a larger part of genomes with a large size, such as tobacco, than of genomes with a small size, such as Arabidopsis or rape.
We showed that the sequence diversity of AtSN1 (or AtSN2) members was higher than the diversity of other plant SINEs, such as p-SINE1, TS, and S1Bn. We also showed that all AtSN members examined were present in three ecotypes of A. thaliana. These findings suggest that AtSN had proliferated in the A. thaliana genome before the A. thaliana ecotypes diverged.
In vertebrates, a methylcytosine residue is readily converted into a thymidine residue via a uracil residue by deamination (Brown and Jiricny, 1987) , and the frequency of base substitution of the cytosine residue in the CpG sequence, which is the target of methylation, is 10 times higher than that in other sequences in human SINE Alu and mouse B1 (Labuda and Striker, 1989; Batzer et al., 1990; Labuda et al., 1991) . We showed that the most frequent base substitution in the AtSN family members is from C/G to T/A, whereas the frequency of base substitutions from C/G to T/A in the preferential target sites of C5-methyltransferase, CpG and CpNpG, was found to be lower than that in the other sites. It is possible that the cytosine residues in CpG and CpNpG are not methylated efficiently in A. thaliana. However, the cytosine residue of CpG in S1Bn of rape, which belongs to the same family (Crusiferae) as A. thaliana, is more than twice as heavily methylated as an average cytosine residue in rape, but the frequency of base substitutions in CpG is the same as that for other cytosine-containing sequences (Deragon et al., 1994; Goubely et al., 1999) . This and our results described above suggest that a mechanism to conserve methylated cytosine residues exists in plants.
We showed that about half of the AtSN members were truncated at one end. The members with a 5' truncation were more frequent than those with a 3' truncation. We also showed that target-site duplication existed in most members with a 5' truncation. This leads us to assume that the members with 5' truncation may have been generated after an AtSN member having the entire sequence was transcribed by Pol III, in the following manner: in the course of reverse transcription, the reaction stopped at a position within the AtSN sequence, giving rise to a cDNA product truncated at the 5' end, which was inserted into the target site. On the other hand, target-site duplication was not found in the members with a 3' truncation. This suggests that the members with a 3'-truncation may have lost the 3' region through a chromosomal recombination mechanism after the corresponding members with the full-length sequence had retroposed.
It has been proposed that SINEs are derived from a non-LTR retrotransposon, LINE, with a poly(A) tail at the 3' end, and therefore a SINE retroposes utilizing the enzymes encoded by LINE. This proposal is based on the observation that the 3' region of some SINEs in turtles, fish, etc., show significant homology to the 3' region of a LINE present in the same organism (Ohshima et al., 1996; Okada et al., 1997; Ogiwara et al., 1999) . The model of the retroposition of LINEs (Luan et al., 1993; Feng et al., 1996; Moran et al., 1996) predicts the following early steps: (1) A bottom strand of the target sequence is nicked by the endonuclease encoded by itself; (2) the 3' poly(A) sequence of LINE RNA then hybridizes with the 3'-end region of the nicked bottom strand, which is rich in thymine residues; (3) the LINE RNA is produced by reverse transcription from the 3' end of the nicked bottom strand. We showed in this study that AtSN has a poly(A) sequence at the 3' end, like LINE. We also showed that the 5' end of the AtSN target sequence is T/AA(A), which is similar to those of other SINEs. AtSN therefore may retropose by the same mechanism as LINE. However, the 3' end region of AtSN did not show any homology to the 3' end region of about 220 LINEs (called ATLN) identified in the A. thaliana genome (Noma et al., 1999; Noma et al. 2000b) . If the retroposition of AtSN is mediated by an enzyme encoded by ATLN, the ATLN enzyme may recognize the poly(A) sequence, which is commonly present in the 3' end regions of AtSN and ATLN.
